Losses of up to 40%, caused by the pathogen Fusarium oxysporum f.sp. dianthi, race 2, have been reported in carnation crops. As a consequence growers often decide to switch to a different crop. The genetic mechanism behind resistance to Fusarium in the greenhouse carnation (Dianthus caryophyllus) has not been thoroughly investigated to date. Nevertheless it is an important prerequisite to any attempt to tag the major genes involved. On this basis, we first concentrated on analyzing the inheritance of resistance and only then on tagging major resistance loci. Using a segregating F2 family derived from a cross between a resistant and a sensitive parent, a field test was performed which enabled phenotypic scoring following natural inoculation of the progeny. From the results, we extrapolated a genetic model whereby resistance is determined by two major genes which interact additively. Based on the hypothesized model and by focusing on the extreme segregants, one of the major genes for resistance was tagged using random oligonucleotide primers. Linkage was established by examining the entire F2 family (consisting of 107 segregants) using a standard t-test. F3 populations derived from selected F2 segregants were used to verify linkage and to identify F2 segregants homozygous for the marker. The RAPD fragment was sequenced and used to synthesize sequence-specific primers in an attempt to establish a PCR-based, SCAR marker analysis for resistance. The same fragment was also used as a probe for a Southern blot analysis and an RFLP marker was established that co-segregated with the resistant progeny. By exploiting the existing F2 family, containing the tagged locus, it should now be possible to develop an additional marker. This work thus paves the way toward tagging the loci involved in resistance, thereby enabling efficient selection for resistance at the genotype level in carnation.
Introduction
Vascular wilt, caused by the soilborne fungus Fusarium oxysporum f.sp.dianthi, race 2, is the most detrimental disease to carnation crops worldwide (Holley and Baker, 1991) . In the past, chemicals such as methyl bromide and vapam were used almost solely to combat the disease (Baker, 1980) . However, there has been a gradual trend towards refraining from the use of chemicals for various reasons. In some cases, soils are too heavy for their effective use since F. oxysporum can be found in the soil at depths of up to 60 cm (Reuven et al., 1992) while in others, laws forbidding their use due to water-table contamination (methyl bromide) have been enforced. In Colombia, the largest producer of cut carnations (1700 hectares), growing areas infected with F. oxysporum are frequently encountered and damage is extensive (Arbelaez and Calderon, 1992) . Due to the 152 magnitude of this problem worldwide, breeding for resistance has become imperative. Many resistant cultivars of spray-type carnations have been developed (Arthur and Matthews, 1980; Carrier, 1977; Sparnaaij and Demmink, 1977) . However in the standard group, which is the dominant type of carnation, very few resistant varieties are available. As a result, growers must rely on a number of alternative approaches, including raised beds which is a very costly investment, or chemical disinfection, with its' aforementioned limitations. At present, resistance is determined by artificial/natural inoculation with the pathogen followed by phenotypic scoring (Baayen and Schrama, 1990; Baayen and van der Plas, 1992; Ben-Yephet et al.,1993) . While this approach is undoubtedly useful for studying the inheritance of resistance to F. oxysporum, it is cumbersome and timeconsuming as a bioassay for determining resistance. Numerous reports describing linkages between genes for resistance and DNA markers can be found in the literature (Michelmore, 2000) . Adoption of a marker-assisted selection (MAS) strategy could be very useful, both for shortening the time required to determine resistance and by allowing genotypic rather than phenotypic scoring. In this paper, we report on a classical genetic study carried out to determine the mode of inheritance of resistance as well as to tag, using random oligonucleotide primers, the major gene(s) involved in manifesting the resistant phenotype.
Materials and Methods

Plant material
Segregating F2 progeny (coded 1743) were established by directed openpollination between resistant breeding line 2217 and the sensitive cultivar (cv) Eifel, followed by self-pollination of a selected F1 segregant (1072-4) with intermediate resistance. The resulting progeny, consisting of 107 segregants, were propagated asexually (cuttings) and maintained in pots. Cuttings harvested from these plants were used to duplicate 30 plants/genotype for a field trial to phenotypically score each segregant. Similarly, another segregating F2 progeny (coded 1073) was produced by selfpollination of the resistant F1 cv. Apex, which was derived from directed open-pollination between resistant breeding line 2217 and moderately resistant cv. Ashley.
Field trial
The trial was designed as randomized blocks and each segregant was planted in four replicates, six plants/replicate. The soil had been inoculated previously (3 years earlier), thereby allowing infection to occur naturally. Phenotypic scoring was done every 2 weeks beginning 85 days after planting (planting in June, scoring in September and onward) and seven counts were completed by mid-December. The data were analyzed and phenotypic scores were expressed as the percentage of disease incidence (i.e. the sum of the number of wilted plants in each plot divided by the total number of plants for each segregant) (Ben-Yephet et al., 1993) . Control cultivars were included to assist in monitoring disease progress and evaluating total infection at the end of the trial (estimation of experimental error). The control cultivars used were: Scarlette (very resistant), Lior (sensitive, late wilter) and Hermon (sensitive, early wilter).
PCR screenings for RAPD markers
DNA extraction and PCR's, using random oligonucleotide primers, were carried out as described previously (Scovel, 1998) . Initially, two resistant F2 segregants, two sensitive F2 segregants, the resistant parent breeding line 2217 and the F1 segregant (1072-4) were screened to detect potential linkage. A linked RAPD marker designated GS624 was sequenced and used to design sequence-specific primers (AF,VR) in an effort to develop a SCAR marker. The F2 progeny (code 1743) were screened for marker GS624 153 and a sample of the progeny was also screened using primers AF and VR. In addition, a sample of F3 segregants produced by selfing a resistant F2 segregant (1743-5) and a sensitive F2 segregant (1743-122) was examined using both the random primer GS and the sequence-specific primers AF and VR. The GS624 fragment was radiolabeled and used in an RFLP analysis of the segregating F2 progeny (code 1743) as previously described (Scovel et al., 1998) .
Results
Inheritance of resistance to Fusarium
In a preliminary study, resistant breeding line 2217 (disease incidence 0%) was crossed with the moderately resistant cv. Ashley (disease incidence 63%) to generate cv. Apex (disease incidence 5%). On an analysis of 29 full-sib segregants generated by selfpollination of cv. Apex, none of the segregants were sensitive to Fusarium. Interestingly, 22 of the segregants were resistant (0-25% disease incidence) and the other 7 (i.e. segregation ratio of 3:1) were partially resistant (50-62% disease incidence) (Fig.1) . The lack of fully susceptible segregants suggests that in cv. Apex there are at least two resistance loci and that in this case the one segregating is not the main locus responsible for disease resistance. Accordingly, among full sibs originating from the self-pollination of breeding line 2217, only highly resistant and moderately resistant genotypes were scored, while no susceptible genotypes were revealed. An analysis of five F1 segregants (progeny 1072) from the directed open-pollination between resistant breeding line 2217 and the sensitive cv. Eifel (disease incidence 97%), revealed wide variations in resistance, including a fully sensitive segregant (21%, 31%, 46%, 50%, and 100% disease incidence). Segregation in F2 progeny 1743 was different in that there were phenotypic peaks at the extremities of the distribution curve (0-20% and 80-100% disease incidence). Based on these results our working model, as depicted in Table 1 , is that two loci determine resistance to F. oxysporum f. sp. dianthi, race 2.
Tagging the resistance locus
Screening a sample of F2 progeny 1743 with 200 random oligonucleotide primers yielded one marker (GS624) that showed linkage to a locus controlling resistance to F. oxysporum (Fig. 2) . Following screening of all the resistant F2 segregants (in the phenotypic range of 0-27% disease incidence), the presence of marker GS624, in all but one segregant, was revealed. Applying a t-test to all 107 F2 segregants confirmed the linkage between marker GS624 and resistance to Fusarium (P < 0.0001). Resistant segregant 1743-1, in which marker GS624 is absent, was assumed to be recombinant. The recombination frequency, as estimated from the resistant segment of progeny 1743, was calculated to be 3.7% (1/27). Applying primer GS to randomly selected F3 progeny as well as to half sibs derived from breeding line 2217 revealed complete association between marker GS624 and resistance to Fusarium. The smaller band, seen in Fig. 2 in the sensitive genotype is not associated with resistance. Application of the specific primers AF and VR derived from sequencing the GS624 fragment generated a single, polymorphic SCAR marker (data not shown) associated with the resistant phenotype. Both the SCAR and RAPD markers were used to screen F3 segregants derived from the selfing of resistant and sensitive F2 genotypes. In this way, homozygous F2 full sibs were identified (i.e. 1743-5 and 1743-122, respectively) . In an attempt to generate co-dominant markers, GS624 was used as a probe in an RFLP analysis. Although various restriction enzymes were tested a Southern blot analysis yielded no co-dominant markers allowing differentiation between the homozygotes and heterozygotes. Analysis with primer GS of a population derived from the self-pollination of resistant breeding line 2217 revealed that this line is heterozygous for GS624 since the progeny segregated for the marker. This observation, taken together with the fact that there were no sensitive progeny segregating in this population, led us to conclude that, as in the case of cv. Apex, breeding line 2217 is segregating at a single locus which we designated locus R2. In spite of the fact that RAPD, SCAR and RFLP analyses were able to identify resistant genotypes in F1, F2, F3 and half-sib populations, none of these approaches provided the means to distinguish between unrelated genotypes with respect to resistance to Fusarium.
Discussion
Many approaches to preventing damage to cut-carnation crops caused by F. oxysporum have been applied. The availability of resistant varieties, principally from the spray carnation type, at a time when environmentally friendly solutions are in demand, is encouraging, and the focus on resistance now depends on developing tools to make breeding more efficient. To date, resistance has been attained by crossing the appropriate parents and selecting resistant progeny following inoculation with the fungus. Regardless of whether inoculation is artificial or natural, these approaches are cumbersome and/or time-consuming. DNA markers, linked to resistance loci, offer an easy and quick solution to scoring for resistance at the genotype level. Therefore, the adoption of a MAS strategy is an efficient solution to modern-day breeding for resistance. In the case of the greenhouse carnation, we propose that the resistance mechanism is digenic and additive. The basis for the model lies in our analysis of F1 and F2 progeny segregating for resistance to Fusarium. One way to explain segregation in the F1 progeny is to assume that the mechanism is oligogenic and additive. Based on the preliminary data from F2 progeny 1073 and data collected from the F2 progeny derived from self-pollination of breeding line 2217, it was possible to monitor the segregation of a single locus designated locus R2. However, since neither progeny yielded sensitive segregants, we postulated the existence of at least one more resistance locus (designated R1). To characterize loci involved in Fusarium resistance, we analyzed F2 progeny 1743 based on segregation at the phenotypic extremities. This type of analysis is considered the best approach to understanding the underlying genetic mechanism of resistance to pathogens such as F. oxysporum (Sarfatti et al., 1991) . The results of the analysis of phenotypic extremities of segregating F2 progeny 1743 (Table 1) can be explained by a digenic mode of inheritance in which genotypes R1R1R2R2 and R1R1R2r2 (expected frequency 3/16 = 20) are considered resistant and genotypes r1r1r2r2, r1r1R2r2, R1r1r2r2, and r1r1R2R2 (expected frequency 6/16 = 40), sensitive. Ideally, in a digenic system both of the major genes involved should be tagged to maximize the efficiency of the MAS approach. Here we report on the tagging of one of the resistance loci, R2. Although the SCAR marker which was derived from RAPD marker GS624 is specific to populations derived from resistant breeding line 2217, it did provide a PCR-based assay which made it possible to pinpoint segregants from F2 progeny 1743 with genotypes R1R1R2R2 and r1r1R2R2 as a first step in proceeding to tag locus R1. Likewise, the SCAR marker can be applied in breeding programs to monitor the introgression of locus R2, originating from the resistant parent 2217, into elite breeding lines. 
